[1] With an average elevation in excess of 4000 m asl, the Tibetan Plateau is one of the Earth's most prominent topographic features. The plateau plays an important role in the global climate system by acting as a heat source during the summer and a heat sink during the winter. There also exists evidence that its influence extends into the uppertroposphere and lower-stratosphere through the existence of a region of low total column ozone over the plateau. We report on observations of ozone concentration from the Bhutanese Himalaya that support the hypothesis that a Taylor Cap exists over the plateau. We argue that the presence of this cap results in the formation of a halo of ozone-rich air in the upper-troposphere around the perimeter of Tibet. The Himalaya are within this halo and the higher peaks may be exposed to ozone concentrations similar to those found in industrialized cities.
Introduction
[2] In 1923, G.I. Taylor performed a rotating tank experiment which showed that an isolated obstacle with a height less than that of the tank, caused the fluid throughout the full depth to be deflected around it and the fluid directly above the obstacle to remain stationary [Taylor, 1923] . This experiment confirmed earlier theoretical work that steady flow in a rapidly rotating system is independent of the coordinate parallel to the axis of rotation [Proudman, 1916; Cushman-Roisin, 1994] . This so-called Taylor-Proudman Theorem has been invoked to explain a number of geophysical phenomenon, now referred to as Taylor Columns [Hide, 1961] or Taylor Caps [Schar and Davies, 1988] , including the distribution of sea ice and chlorophyll in the vicinity of isolated seamounts [Alverson and Owens, 1996; Martin and Drucker, 1997; Meredith et al., 2003; Lindsay et al., 2004] .
[3] Starting with the work of Dobson and collaborators [Dobson and Harrison, 1926; Dobson et al., 1927] , variability in total column ozone (TCO) has been shown to be associated with surface pressure and other meteorological variables. Aircraft observations in conjunction with space based measurements of TCO by Total Ozone Mapping Spectrometer (TOMS) family of instruments [McPeters, 1998 ] have shown that gradients in the TCO field are usually associated with intrusions, known as tropopause folds, of ozone-rich stratospheric air into the uppertroposphere [Danielsen, 1968; Shapiro, 1980; Goering et al., 2001; Hudson et al., 2003] .
[4] In Figure 1 , we show the climatological TCO field from observations made by the TOMS instrument on the Earth Probe Satellite in the region of the Tibetan Plateau during October and November 1997-2004 . In addition to the previously identified region of low TCO over the plateau itself [Zou, 1996] , there are several other features that are of interest. In particular, there exists a halo surrounding the plateau in which there is elevated TCO. In addition, the region of low TCO can be seen to extend over the adjoining Yunnan-Guizhou Plateau.
Spatial and Temporal Variability of TCO Over the Bhutanese Himalaya
[5] In October and November of 2004, in-situ ozone concentration measurements were made along the Himalaya in Bhutan using an OMC-1108 portable ozone monitor. Colocated GPS observations and topographic survey information were used to establish the elevations at which the measurements were made. On October 30, an ozone concentration of 10 parts per billion (ppb) was measured at an elevation of 3250 m in the early morning at the base of the Yeli La Pass, 27°50 0 N, 89°16 0 E. At the summit of the pass (4920 m) later that day, a concentration of 30 ppb was measured. Following descent to 3150 m on the north side of the pass, a concentration of 10 ppb was measured on the evening of the 30th.
[6] There are two possible sources for elevated ozone levels in the free troposphere; the transport of polluted air from the planetary boundary layer or intrusions of ozone-rich stratospheric air [Davies and Schuepbach, 1994; Environmental Protection Agency, 1996] . With respect to the observations on the 30th, the isolation of the region combined with the observed increase in ozone concentration with height argues against the first possibility. Support for a stratospheric source for the elevated ozone levels measured on the 30th comes from Figure 2 , where we present a time series of TCO over the Yeli La Pass from the Earth Probe TOMS instrument. During October and November 2004, a number of events occurred in which TCO oscillated from high to low values over a period of several days. One such event took place in late October during which the vertical gradient in ozone concentration was measured at the Yeli La Pass. GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L21810, doi:10.1029 /2005GL024186, 2005 Copyright 2005 by the American Geophysical Union. 0094-8276/05/2005GL024186$05.00 [7] In Figure 3 , we present the temporal and spatial evolution of the TCO field in the region of the Tibetan Plateau during this event. On the 26th (Figure 3a ), the region of low TCO over the Tibetan Plateau and its extension over the Yunnan-Guizhou Plateau can be clearly seen. There is evidence of a halo of high TCO surrounding the plateau as well as isolated filamentary regions of high column ozone to the north near 45°N, 60°E and 45°N, 120°E that were most likely associated with tropopause folds [Shapiro, 1980] . These features propagate from west to east with the mean flow and the feature that had been upstream of the plateau on the 26th was on the 28th situated over its western limits (Figure 3b) . A bifurcation in this filament had occurred with elevated TCO levels to the north and south of the plateau with lower values over the plateau itself. By the 1st of November (Figure 3c ), the bifurcation of the filament was more pronounced with the portion to the north continuing its eastward propagation while the portion to the south was approximately stationary. In addition, the drainage of the low TCO off the Tibetan Plateau towards the southeast continued and was responsible for the low values over the Yeli La Pass on this date.
Evidence for a Taylor Cap
[8] To quantify the characteristics of the TCO field associated with these events, we created a composite from all those dates for which TCO over the Yeli La Pass exceeded the 95th percentile of values during October and November 1997 -2004 . This time period corresponds to that for which TCO measurements from the Earth Probe satellite are available. There were 15 events included in the com- posite with similar results being obtained with lower thresholds and longer time periods. The statistical significance of the composites was assessed through a resampling technique that makes use of randomly generated composites from the same parent population to estimate the characteristics of the underlying probability distribution [Gershunov and Barnett, 1998; Moore et al., 2003] . The composite is presented in Figure 4 and values are shown at those locations where they are statistically significant at the 95% level. The halo of high TCO that surrounds the Tibetan Plateau identified previously is apparent in the composite. Also consistent with the sequence shown in Figure 3 , the lowest TCO values during these events does not occur over the Tibetan Plateau, although the values over the plateau are lower than in the surrounding halo, but rather occurs to its southeast over the Yunnan-Guizhou Plateau. No statistically significant TCO maxima were identified to the north of the Tibetan Plateau in the region where the filament was present during the late October 2004 event. We speculate that the migratory filaments are filtered out in the formation of the composite, thereby explaining the absence of statistically significant features north of the Tibetan Plateau in the composite.
[9] The features of the TCO field shown in Figures 1, 3 and 4 suggest that the Tibetan Plateau is exerting an influence far above its surface. In particular, the bifurcation in the TCO filament observed on October 28th and November 1st 2004 strongly suggests that the impinging upper-tropospheric flow is to a large degree deflected around the Tibetan Plateau. This deflection and the associated TCO halo is reminiscent of what is predicted and observed to occur in a Taylor Cap [Ingersol, 1969; Schar and Davies, 1988; Chapman and Haidvogel, 1992; Holland, 2001; Lindsay et al., 2004] . The existence and structure of a Taylor Cap is a function of a number of nondimensional numbers that depend on the characteristics of the topographic obstacle, the impinging fluid and the rotation of the Earth [Huppert, 1975; Chapman and Haidvogel, 1992] .
[10] As shown in Appendix A, a scaling based on these parameters suggests that it is possible for a Taylor Cap to exist above the plateau that extends into the lower-stratosphere. Another characteristic observed in association with the temporal evolution of a Taylor Cap is the preferential shedding off the obstacle to the southeast [Chapman and Haidvogel, 1992; Holland, 2001] . The presence of an extension of the Tibetan Plateau's low TCO over the Yunnan-Guizhou Plateau is consistent with this characteristic as is the flushing of the low TCO off the plateau during events like that observed in late October 2004.
Discussion and Conclusions
[11] A consequence of the presence of a Tibetan Taylor Cap is the occurrence of elevated levels of stratospheric ozone in the upper-troposphere along the Himalaya. It is difficult to directly infer ozone concentration in the uppertroposphere from the vertically integrated TCO data and the observations described in this paper. However, based on insitu and remotely sensed observations in similar synoptic situations, we estimate that the ozone concentration during events of the magnitude that make up the composite shown in Figure 4 at the summit of Mount Everest would be approximately 120-300 ppb, while at its base camps it would be approximately 80-120 ppb [Viezee et al., 1983; Davies and Schuepbach, 1994; Ravetta and Ancellet, 2000; Roelofs et al., 2003] . These concentrations are of the same order of magnitude as is observed in industrialized lowlevel areas during air quality alerts and which are known to alter pulmonary function [Environmental Protection Agency, 1996] . This suggests that the presence of the Taylor Cap and the ensuing elevated ozone concentration along the Himalaya may be a contributing factor in high altitude pulmonary syndromes in mountaineers that occur in the region [Hackett and Roach, 2001; Basnyat and Murdoch, 2003] .
[12] In conclusion, the results presented in this paper strongly suggest that the Tibetan Plateau is exerting an influence into the lower-stratosphere in such a way as to result in a halo of high TCO surrounding it. We have argued that halo is the result of the presence of a Taylor Cap over the plateau. exceeds a number greater than unity whose value depends on the geometry of the obstacle [Ingersol, 1969; Alverson and Owens, 1996] . The unstratified assumption is valid if the Brunt-Vaisiala frequency (N) is such that the Burger Number B ¼ NH fL is less than unity [Huppert, 1975; Chapman and Haidvogel, 1992] . For the troposphere, N is on the order of 0.01 resulting in B $ 0.3 and so it is reasonable to assume that the flow is unstratified. For the plateau, the ratio d/e is approximately 3.5 and thus a Taylor Cap is possible.
[14] The height to which the cap extends above the obstacle is at most fL/N and often considerably less [Huppert, 1975; Alverson and Owens, 1996] . For the Tibetan Plateau, this value is approximately 13 km and so the cap most likely extends up into the lower-stratosphere.
[15] Given this scaling, the autumn may be the optimal time to observe the cap given the presence of weak vertical shear, reduced stratification and weak surface heating. It should be noted that this simplified scaling neglects the effect that the stratosphere, with its high stratification, would have on the cap. In addition, the Tibetan Plateau is sufficiently large that the sphericity of the Earth, most notably the variation of the Coriolis Parameter with latitude [Cushman-Roisin, 1994] , may play a role in the structure and evolution of the cap.
